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Abstract 
Over the last few years, there has been significant interest in the design of new high strength 
steels with complex microstructures and the manipulation of their properties at the nanoscale. 
Understanding the effects of alloying additions on the nanoscale level is essential for tailoring 
the steel composition and properties for a specific product requirement. Atom probe 
tomography plays an important role in the characterisation of the microstructural features at the 
atomic level. This powerful technique has been used for the direct experimental observations 
of early stages of phase transformations, clustering, fine precipitation, atmospheres around 
dislocations and segregation to boundaries. An overview on recent advances in the application 
of atom probe tomography to study thermomechanically processed transformation-induced 
plasticity steels and nanocrystalline bainitic steels is presented. Keywords: Atom Probe 
Tomography, Advanced High Strength Steel, Thermomechanical Processing, Bake Hardening, 
Cottrell Atmosphere, Precipitation, Phase Transformation. 
 
INTRODUCTION 
The continuous quest for higher strength 
steels forces engineers and scientists to seek 
new approaches towards design of new steel 
compositions and processing routes. Development 
of new advanced experimental techniques 
opened previously impossible avenues for 
design of compositions and microstructures at 
atomic scale. Recent advances in atom probe 
tomography, e.g. development of state-of-the-
art voltage-pulsed and laser-pulsed local 
electrode atom probes [1–3], support this 
quest by providing the necessary information 
on atom interactions, solute segregation to 
dislocations, boundaries and other defects,  
redistribution of alloying elements between 
phases, cluster and precipitation formation. 
Based on the obtained information, a deeper 
understanding of the mechanisms of phase 
transformations and strengthening can be 
achieved, which is essential for progress in the 
development of advanced high strength steels. 
Fast data acquisition rates (2 million atoms in 
~15 minutes) and substantial volumes analysed 
(~100 million atoms) allow the analysis of 
fine microstructural features with low density. 
This review paper is a comparison of our atom 
probe results obtained on transformation-
induced plasticity (TRIP) steels [4–6] with 
those from Caballero et al. [7, 8] on nano-
structured bainitic steel. 
 
  
SimPro’08, December 09–11, 2008, Ranchi, INDIA 
257
EXPERIMENTAL 
Thermomechanically processed CMnSi 
Transformation-Induced Plasticity (TRIP) 
steels with and without additions of Nb, Mo 
and Al were examined using Transmission 
Electron Microscopy (TEM) and Atom Probe 
Tomography (APT). The compositions of the 
steels used are given in Table 1. Detailed 
descriptions of the Thermomechanical 
Processing (TMP) and experimental tech-
niques are given elsewhere [4–6]. Details of 
processing and characterisation of high 
carbon, high silicon, nanostructured bainitic 
steel are described elsewhere [7, 8]. After 
processing, the TRIP steels were subjected to 
4% pre-straining and bake hardening at 180oC 
for 30 min., whereas the bainitic steel was 
tempered at 400–450oC for 30 min. and 1 h. 
Table 1: Steel compositions, at. %. Balance is Fe. 
Steel Non Nb NbAl NbMo NbMoAl Bainitic
C 0.95 0.996 0.96 0.95 4.34 
Si 3.01 2.31 2.88 2.29 2.76 
Mn 1.54 1.52 1.49 1.51 1.82 
Nb 0.003 0.022 0.021 0.021 – 
Mo – 0.002 0.114 0.165 0.14 
Al 0.02 1.15 0.02 1.15 – 
Cu 0.003 0.026 0.017 0.026 – 
P – 0.048 0.044 0.048 – 
Cr – – – – 1.28 
V – – – – 0.09 
 
An Imago Local Electrode Atom Probe 
(LEAP®) operated at a pulse repetition rate of 
200kHz, 0.2 pulse fraction and with a sample 
temperature of 60K was used for atom probe 
analysis. All retained austenite in studied 
steels was deemed to be transformed to 
martensite at the examination temperature. 
Specimens were prepared by standard micro-
electropolishing techniques [9]. The maxi-
mum separation envelope method [9] was 
used to estimate solute-enriched regions, such 
as segregations at dislocations, clusters and 
fine precipitates.  
RESULTS AND DISCUSSION 
Microstructure of Steels 
As shown by Caballero et al. [7, 8], the 
microstructure of the bainitic steel after 
completion of isothermal bainite 
transformation at 200oC comprises fine 
carbide-free bainite with nanolayers of 
retained austenite (Figure 1). 
 
 
Figure 1: Thin foil TEM of bainitic steel. 
Reproduced from Caballero et al. [8], copyright 
2008, with permission from Elsevier 
The microstructure of TRIP steels after 
TMP consisted of ~50–55% polygonal ferrite 
(PF), ~30% of bainite (predominantly 
granular bainite (GB) or acicular ferrite (AF) 
depending on steel composition), 8–12% of 
retained austenite (RA) and remaining 
martensite (M) (Figure 2). In the alloyed TRIP 
steels, NbC and MoC precipitates were 
present (Figure 3).  
 




Figure 2: Representative TEM micrographs of the 
thermomechanically processed TRIP steels: 
general view (a), granular bainite (b), acicular 
ferrite (c) and upper bainite (d). PF—polygonal 
ferrite, BF- bainitic ferrite, B- bainite, RA—retained 
austenite. Arrows in d indicate iron carbides 
(a)  
(b)  
Figure 3: Representative energy dispersive X-ray 
spectra from NbC particles (a) and MoC particles 
(b) shown in carbon replica insets by arrows. Note: 
Ni peaks from the grid have been removed 
Phase Composition Analysis 
Examples of various phases observed by APT 
in TRIP steels and bainitic steel are shown in 
Figures 4–6. Compositional analysis of 
selected volumes allowed identification of 
phases based on generally accepted values of 
C content in these phases [6–8, 10, 11]: >0.07 
at.% polygonal ferrite, 0.1–0.5 at.% bainitic 
ferrite (BF) and >2 at % retained austenite or 
martensite, both of which were martensite at 
the testing temperature. 
The volume containing a lath of bainitic 
ferrite with cementite particles on each side, 
which could represent interlath carbides, is 
shown in Figure 4. Such a microstructure is 
assumed to be upper bainite. Although the 
concentration profile (Figure 4b) indicates 
only 14 at.% C within a carbide, a selected 
volume composition analysis positioned 
within the cylinder yielded a value of 21.7 ± 
0.3 at.% C, which is close to the 25 at.% C 
content in Fe3C. 
(a)  
(b)  
Figure 4: C atom map (a) and concentration profile 
across the bainitic ferrite/carbide interface (dashed 
lines) (b) showing upper bainite in the NbMoAl 
TRIP steel. BF- bainitic ferrite, Fe3C indicates 
interlath carbides. Reprinted from [6], Copyright 
2007, with permission from Elsevier 
10 nm 
1 μm 0.5 μm
0.5 μm 0.3 μm
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A selected volume containing two phases is 
shown in Figure 5: polygonal ferrite is on the 
left, and bainitic ferrite is on the right. From 
compositional analysis, the redistribution of 
various elements, for example Mn and Si, 
between phases is clear. The polygonal ferrite 
(PF) in Figure 5 has an average composition 
of 0.026 ± 0.002 C, 1.07 ± 0.06 Mn and              
4.34 ± 0.02 Si (at.%), whereas C and Mn 
contents have increased to 0.25 ± 0.03 and 
1.85 ± 0.01 at.%, respectively, in adjacent 
bainitic ferrite. At the same time, the Si level 
has decreased to 2.09 ± 0.1 at.%. Comparison 
of compositions of the parent (austenite) and 
product phases provides insight into the 
mechanism of phase transformation.  
The most striking example is that in both 
the TRIP and bainitic steels, an excess of 
carbon in bainitic ferrite and similar content 
of substitutional elements in prior austenite 
and bainitic ferrite support the diffusionless 
mechanism [12–14] of bainite formation 
(Figures  5 and 6). The austenite/bainitic 
ferrite regions in the bainitic steel after 
various stages of processing are shown in 
Figure 6. The work of Caballero et al. [7] 
revealed that the C content in retained 
austenite and bainitic ferrite was in the range 
between 5 and 7 at.% and 0.5–0.62 at.%, 
respectively. Bainitic ferrite had much higher 
carbon level compared with that expected 
from para-equilibrium with austenite (~0.12 
at.%) [7, 8, 15]. APT results by Caballero            
et al. [7] (Figures 6 (b)–(e)) also provide 
direct confirmation of the absence of any 
segregation at the austenite/BF interface and 
partitioning of substitutional elements 
between phases during bainite formation. This 
is in agreement with previous APT results  
[10, 11, 16].  
       
(b)  
Figure 5: C, Mn and Si atom maps showing                  
(a) polygonal ferrite/bainitic ferrite interface in the 
non-Nb TRIP steel and (b) corresponding                    
X-direction concentration profile across the 
interface. PF is polygonal ferrite and BF is bainitic 
ferrite 
 
X 10 nm 
Distance, nm 
 














Figure 6: Carbon atom map (a) and corresponding 
concentration profiles ((b)-(e)) along the marked          
z-direction across the retained austenite/bainitic 
ferrite interface after isothermal bainite formation at 
200oC. Adapted from Caballero et al. [7], Copyright 
2007 with permission from Elsevier 
APT was also used to elucidate the 
mechanism of carbon partitioning during a 
quench and partitioning treatment of 
intercritically annealed TRIP steels [17, 18]. 
The results support the enrichment of 
remaining austenite with carbon from freshly 
formed martensite, as the carbon level was 
significantly lower in martensite (~0.5 at.%) 
than in austenite (~3.6 at.%) [17]. 
Carbon Segregation at Defects 
The displacive mechanism of bainite 
formation results in shape deformation 
accompanied by partial shape relaxation              
[19, 20]. This results in the formation of 
dislocations in and around the bainite, as well 
as twinning of adjacent regions of austenite 
[21, 22]. Excess carbon in bainitic ferrite, 
compared with the para-equilibrium values,           
is associated with trapping of carbon             
within defects (such as dislocations) in the 
matrix [23].  
APT has provided direct evidence of 
carbon segregation to microtwins in retained 
austenite of bainitic steel (Figure 7) and of 
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bainitic ferrite (Figure 8), as shown by 
Caballero et al. [7]. In Figure 8(a), the top left 
carbon-enriched region is austenite, whereas 
the carbon-depleted bottom right region is 
bainitic ferrite.  
  
 
Figure 7: Carbon atom map (a) and z concentration 
profile (b) showing segregation of carbon at 
microtwins in retained austenite for a sample 
transformed at 300oC for 4h. Reprinted from 
Caballero et al. [7], copyright (2007) with 
permission from Elsevier 
The carbon-enriched linear features 
adjacent to the austenite/bainitic ferrite 
interface are deemed to be carbon segregation 
around dislocations (Figures 8(a) and 8(b)).  
(a)  (b)  
Figure 8: Carbon atom map (a) and 5% 
isoconcentration surface (b) of dislocations in the 
vicinity of a ferrite/austenite interface. RA is 
retained austenite; BF is bainitic ferrite. 
Reproduced from Caballero et al. [7], copyright 
2007 with permission from Elsevier  
Segregation of carbon to dislocations was 
observed in polygonal ferrite and bainite of 
non-alloyed CMnSi TRIP steel both after 
thermomechanical processing and after a 
subsequent bake hardening treatment [24, 25]. 
An example of such Cottrell atmospheres is 
given in Figure 9. No other solute segregation 
at dislocations was detected, either in TRIP or 
bainitic steels (Figure 9(b)). 
(a)  (b)  
Figure 9: C atom map showing the presence of 
Cottrell atmospheres in polygonal ferrite of non-Nb 
TRIP steel after TMP (a) and projected C, Mn and 
Si selected atom maps showing segregation of C 
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The carbon concentration in the cores of 
atmospheres observed in TRIP and bainitic 
steels ranged from 2 to 9 at.%, which is in 
agreement with predicted values by Cochardt 
et al. [26] of 6–7 at.% in the region of within 
one Burgers vector around the dislocation 
core. 
Clustering and Fine Precipitation 
Both clustering and precipitation are important 
microstructural events, the understanding of 
which is essential for both design of new steel 
compositions and processing routes. In TRIP 
steels alloyed with Nb, Mo and/or Al, C-Nb-
Mo-Fe clusters and precipitation formation 
was studied in-depth by APT [27]. 
(a)        
(b)  
Figure 10: C, Nb, Mo and Al atom maps showing 
clusters and precipitates in NbMoAl TRIP steel 
after TMP (a) and representative concentration 
profile across a NbC particle (b) 
APT provides not only three-dimensional 
information about size, morphology and 
density of these features, as can be seen in 
Figure 10, but allows the evolution of 
composition either as a function of size or 
processing schedule to be followed. In the 
NbAl steel after TMP, both clusters and fine 
particles in polygonal ferrite and bainitic 
ferrite were C-rich Nb-C. With an increase in 
size, the fine particles composition 
approached that of a stoichiometric NbC 
precipitate. In Nb- and Mo-containing TRIP 
steels, a similar trend of a decrease in                    
C content with increase in precipitate size was 
observed (Figure 11(a)). However, the coarsest 
particles observed by APT were iron carbides 




Figure 11: Summary of evolution of composition of 
clusters and fine precipitates with size observed in 
polygonal ferrite and bainitic ferrite of all TRIP 
steels after TMP (a) and pre-straining and bake 
hardening (b) 
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In retained austenite/martensite of all TRIP 
steels in TMP condition, fine C-clusters were 
observed (Figure 12(a)), the majority of which 
contain 80–100% C (Figure 13(a)). Slightly 
coarser particles (rG = 2–3 nm) had a 
composition close to Fe3C with traces of Nb 
and Mo. It could be suggested that they are 
the result of autotempering of the martensite 
formed from chemically unstable austenite 
either at the isothermal hold temperature or on 
cooling to room temperature.  
(a)  
(b)    
Figure 12: C-rich clusters (a) and carbides (b) in 
martensite of a TRIP steel after TMP (a) and pre-
straining and bake hardening (b). All matrix atoms 
have been removed by a maximum separation 
method with dmax = 0.5 nm 
Effect of Heat Treatment on the 
Microstructure 
After pre-straining and bake hardening of the 
TRIP steels, no clusters containing 100% C 
were detected and the observed clusters and 
fine precipitates of comparable size to those 
present in the TMP condition contained less 
carbon and iron (Figure 11(b)). Fe-rich (Fe, 
Nb, Mo)C particles were no longer present in 
the microstructure, whereas particles were 
more enriched in Nb and Mo compared with 
the TMP condition, having compositions close 
to MC0.8 and to stoichiometric MC, where M 
was Nb, Mo and Fe in various proportions. 
Despite a low heat treatment temperature, 
coarsening of clusters and precipitates was 
evident. 
Decomposition of martensite continued 
during bake hardening with the formation of 
plate-like iron carbides (Figure 12(b)). The 
number density of clusters/fine carbides has 
increased by more than an order of magnitude 
compared with the TMP condition. A 
significant number of coarse carbides with 
composition close to stoichiometric Fe3C and 
traces of Nb and Mo were present in the 
microstructure of the steels (Figure 13(b)). 
The results have shown a continuous 
evolution of cluster/precipitate composition 
with increase of Fe:C ratio during coarsening. 
 (a)  
(b)  
Figure 13: Summary of size effect on the 
composition of clusters/fine precipitates in 
martensite of TRIP steels after TMP (a) and after 
pre-straining and bake hardening (b) 
5 nm 
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APT allowed analysis of atomic 
redistribution of elements between austenite 
and bainitic ferrite during subsequent 
tempering of bainitic steel (Figure 14). As was 
reported by Caballero et al. [8, 15], no 
redistribution of any substitutional elements 
between austenite and BF was observed after 
tempering at 400oC for 1 h and only 
partitioning of chromium was detected after 
30 min. at 450oC (Figure 14(b)). At the same 
time, austenite started to decompose; its 
carbon content is reduced and the presence of 
ε -carbide (~30 at.%C) was detected in ferrite 
(Figure 14). Contrary to the behaviour of 
substitutional elements, carbon readily 
partitions between the phases during 
tempering (Figure 14(b)). These results led to 
the conclusion that retained austenite 
decomposes into ferrite and cementite or fine 
pearlite before local equilibrium is reached at 




Figure 14: A 3.5 at.% carbon iso-concentration 
surface (a) and concentration profiles (b) along 
marked z-direction across austenite/bainitic ferrite 
interface after tempering at 450oC for 30 min. γ is 
retained austenite, α is bainitic ferrite and ε is               
ε-carbide. Reprinted from Caballero et al. [8], 
copyright 2008, with permission from Elsevier 
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CONCLUSION 
It has been shown that APT is a powerful 
technique which allows a detailed 
characterisation of fine microstructural 
features in steels at the atomic level. It 
provides a complete chemical and 3D-spatial 
information on solute segregation, clustering 
and fine precipitation, which is impossible to 
obtain by any other technique. 
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